Abstract. The structural evolution of a Fe 70 Cr 10 B 20 metallic glass was followed by means of in situ high-temperature neutron thermo-diffraction and magnetization measurements. Above 723 K the crystallization of bcc-Fe together with a metastable (FeCr) 3 B phase with tetragonal crystal structure (space group I 4 ) is observed. Further heating gives rise to the transformation of the (FeCr) 3 B phase into another tetragonal (FeCr) 2 B phase (space group I 4 / mcm ) + bccFe. On cooling down to room temperature no additional structural transformations occurred. This two-step crystallization process allows understanding quantitatively the intricate variation of the magnetization at high-temperature
Introduction
Fe-B based metallic glasses have been widely investigated, due to their technological interest derived from the excellent magnetic and mechanical properties [1] , as well as from a basic point of view coming from the relationship between magnetism and the absence of long-range crystalline order [2] . Moreover, it is well known that adding small amounts of transition metal elements, such as Nb, Zr, Mo and others, to the Fe-B metallic glasses gives rise to the formation of a nanocrystalline state after adequate heat treatments, thus improving the soft magnetic response of these alloys [1, 3, 4] . On the other hand, chromium is usually added to the Fe-B based alloys to enhance the corrosion resistance [5] , although it produces a decrease in the values of both the Curie temperature, T C , and saturation magnetization, M S [6] , in the same way as it occurs in FeCr alloys [7] . Moreover, FeCrB metallic glasses exhibit invar-like features [8] similar to those found in FeZrB alloys [9, 10] . Therefore, a good knowledge of the crystallization processes of Fe-B based metallic glasses and the crystallization products is of great importance in order to control their magnetic properties [11] .
The crystallization process in binary Fe-B metallic glasses usually takes place in two steps [12] [13] [14] . The first step begins when the sample is heated above 650 K, the initial amorphous phase transforms into two crystalline phases, α-Fe with body centered cubic crystal structure (BCC) and Im3m € I4 tetragonal symmetry. The latter is a crystalline phase that only can be stabilized at RT by crystallization of FeB metallic glasses. Heating up at higher temperatures gives rise to a polymorphic transformation which consists in a segregation of Fe atoms from the Fe 3 B metastable phase, thus increasing the amount of α-Fe phase, and the transformation of Fe 3 B into Fe 2 B, also with tetragonal crystalline structure but with higher symmetry ( € I4 /mcm). Hence, the final crystallization products are α-Fe and Fe 2 B with relative percentages depending on the initial composition of the amorphous as-cast sample.
In this article we describe the connection between the change in the magnetic properties and the crystallization kinetics of a Fe 70 Cr 10 B 20 metallic glass, through a combined study using in situ neutron thermo-diffraction experiments and thermo-magnetization measurements. The identification of the crystalline stable and metastable Fe(Cr)B phases appearing along the whole process provides an explanation for the irreversibility of the magnetization vs. temperature curves on heating-cooling cycles.
Experimental
Amorphous ribbons with Fe 70 Cr 10 B 20 nominal composition and 5 mm × 25 µm cross section were fabricated by means of a melt spinning setup in a vacuum chamber and using a copper wheel at a speed of 25 ms -1 . The amorphous state of the as-cast ribbons was checked by room temperature x-ray powder diffraction (λ = 1.542 Å). The crystallization kinetics of the amorphous ribbons was followed by in situ neutron thermo-diffraction at the high-flux D20 two-axis diffractometer (Institute LaueLangevin, Grenoble, France). The ribbons were cut into 2 cm-long strips (total mass around 200 mg) and introduced into a cylindrical vanadium sample holder for the neutron experiments. Diffraction patterns were collected each 5 min during controlled heating-cooling cycles between 300 and 1073 K at constant rate of 1 K/min, more details concerning similar experiments can be found elsewhere [15, 16] . The neutron wavelength was λ = 1.3 Å and the angular range in 2θ was 25-100º. The refinement of the patterns was performed using the Fullprof package [17] based on the Rietveld method. The peak-profile analysis of the diffraction patterns corresponding to the sample already crystallized does not show any broadening originated from small crystals and/or microstrain effects [18] . The magnetization vs. temperature, M(T), curves between 293 and 1073 K were measured in a Faraday susceptometer under an applied magnetic field of 1 kOe. Room temperature hysteresis loops of as-quenched ribbon and several ribbons previously heated up to some selected temperatures were recorded in a conventional homemade induction setup applying a triangular-wave drive field of H = ± 200 Oe.
Results and Discussion
The 3D image and the 2D contour plot of Fig. 1 show the temperature evolution of the neutron powder diffraction patterns between 650 and 1073 K. Below 723 K the diffraction patterns only show broad intensity haloes, thus confirming the amorphous state of the ribbon below such temperature. On heating up above 723 K several intensity peaks begin to grow superimposed to the amorphous contribution, clearly indicating that the crystallization process starts. These peaks can be indexed as the Bragg reflections belonging to α-Fe and (FeCr) 3 B phases with body centred cubic (space group Im3m , a = 2.88±0.01 Å) and tetragonal (space group € I4 , a = 8.65 ± 0.01 Å and c = 4.29 ± 0.01 Å) crystalline structures, respectively. This primary crystallization is similar to that occurring in binary Fe-rich FeB metallic glasses, where α-Fe plus metastable Fe 3 B are formed [17] . Further heating above 920 K shows that several peaks disappear and new ones emerge (see Fig. 1 ), denoting that a secondary polymorphic transformation involving the remaining amorphous phase and the (FeCr) 3 B crystalline phase takes place. The (FeCr) 3 B phase transforms into a stable (FeCr) 2 B one with higher tetragonal symmetry (space group I 4 / mcm , a = 5.19 ± 0.01 Å and c = 4.23 ± 0.01 Å). Besides, additional α-Fe is formed during this second transformation as it can be clearly observed in Fig. 1 , where the intensity of the Bragg peak situated at around 40º in 2θ suddenly increases. On cooling down to room temperature (the diffraction patterns are not shown) no further structural transformations take place and only Bragg peaks corresponding to α-Fe and (FeCr) 2 B are present. The relative amount of each phase determined form the room temperature neutron diffraction pattern is α-Fe (40%) + (FeCr) 2 B (60%) [20, 21] .
In Fig. 2(a) we show the temperature evolution of the magnetization of the as-quenched sample on heating from 290 K up to 1073 K (red full symbols). The Fe 70 Cr 10 B 20 metallic glass is ferromagnetic at room temperature, and the magnetization drops to almost vanishing values for temperatures above the Curie temperature (T C ≈ 400 K). Heating above 723 K up to around 760 K produces a drastic increase of the magnetization, thus suggesting that the crystallization of a ferromagnetic phase with high T C starts within this narrow temperature interval (the latter can also be observed in Fig. 1 , the crystalline peaks growth quickly and their intensities remain almost constant for more than 150 K). Analogous behavior of the M(T) curve has been observed in other FeCrB metallic glasses with similar composition [22] . The slight increase of the magnetization between 760 and 900 K could be due to some temperatureinduced homogenization of the α-Fe phase (grain growth and elimination of grain boundaries), because the neutron diffraction patterns do not undertake any noticeable change as previously mentioned. However, for T > 900 K a second magnetization climb takes place -although the slope is smaller than the previous one-due to the increase in the amount of α-Fe as a consequence of the second eutectic crystallization process (see Fig. 1 ). Further heating up to T = 1073 K only shows a magnetization drop to zero due to the T C of α-Fe (1044 K). The subsequent cooling down to room temperature shows a completely different M(T) curve (see blue open symbols in Fig. 2a ) compared with that measured upon heating the as-quenched sample. The two changes in the slope of the M(T) curve can be ascribed to the Curie temperatures of α-Fe (≈ 1044 K) and the (FeCr) 2 B (≈ 500 K).
Moreover, we have measured the M(T) curve by heating the as-quenched sample up to a temperature at which the first crystallization process is finished (T = 760 K), and then cool it down to room temperature. It can be observed in Fig. 2b that the although the M(T) curve matches, as expected, with that of Fig. 2a on heating (red open symbols) , it is different on cooling because the crystalline phases present in the sample and its relative amount is different. From the neutron diffraction pattern collected at 760 K, we have estimated that the relative amount between α-Fe and (FeCr) 3 B is around 20 and 80%, respectively. We show in Fig. 3 the hysteresis loops recorded at room temperature corresponding to the asquenched sample and several ribbons heated up to selected temperatures. The loops measured for the ribbons heated up to 573, 723 and 773 K (denoted as @573 K, @723 K and @773 K, respectively) are compared with that of the as-quenched sample in Fig. 3a . It is clear that the loop of sample @573 K is almost identical to that of the as-quenched sample because no structural transformation has started yet below such temperature. Samples @723 K and @773 K exhibits a large increase in coercitivity (almost three orders of magnitude) that can be explained on the basis of the crystallization of (FeCr) 3 B ferromagnetic phase but with high magnetic anisotropy due to its lower symmetry. Heating at higher temperatures (see Fig.  3b for the hysteresis loops corresponding to the samples heated up to 873, 973 and 1073 K compared that of the as-quenched one) gives rise to an increase in the magnetic polarization because the amount of a-Fe increases, however, as the new (FeCr) 2 B formed phase is also highly anisotropic, the coercivity remains very high compared with that of the starting amorphous alloy. The evolution of the coercivity with the temperature of heating is depicted in Fig. 3c . . Moreover, the combined use of neutron thermo-diffraction and thermo-magnetometry techniques permits the complete understanding of both the irreversible temperature dependence of the magnetization during the heating-cooling processes, and the great increase of around three orders of magnitude in the coercive field values due to the formation of tetragonal FeCrB phases with large magnetic anisotropy. These findings could open new perspectives in the study of the crystallization routes followed by Fe-based metallic glasses with potential interest in technological applications.
Conclusions

